We have extended our investigation of the v'-dependent predissociation dynamics of the ClO A 2n 3/2 state using velocity-map ion imaging. Correlated fine-structure branching ratios are reported for v' = 0-5. The measured branching ratios are non-statistical and are qualitatively inconsistent with adiabatic dissociation dynamics. The coupling constants between the A 2n 3/2 state and several dissociative excited state potentials have been optimized, as have the locations of the crossing points, based on comparison to previously reported v'-dependent predissociation rates. Using these optimized potentials we have modeled the branching ratios in the diabatic limit but the lack of agreement with experiments suggests the importance of exit channel coupling. Coupled channel calculations including 9 coupled potentials provide modest improvement with experiment but differences remain.
I. Introduction
It is well established that halogen oxides are important inter mediates in the catalytic destruction of stratospheric ozone.1-3 These species are also ideal benchmark systems for openshelled photodissociation dynamics, particularly the compar ison of experiment and theory, for several reasons; their electronic spectroscopy is well studied, both atomic fragments can be probed using state-selective ionization, and diatomic molecules are amenable to interrogation using high-level ab initio theory. A recent study of the state-selected photo dissociation of OH (A 2S + ) highlights the progress in describing such systems. 4, 5 The electronic spectroscopy of ClO, in particular transitions between the bound X 2n 3/2 and A 2n 3/2 states, has been well studied.6-10 Vibronic transitions to bound levels of the A 2n 3/2 state are responsible for resolved bands at wavelengths between 316 nm and the dissociation threshold at 263.01 ± 0.01 nm. At wavelengths shorter than 263 nm the spectrum is characterized by a broad continuum that terminates near 220 nm, a manifestation of the continuity of the Franck-Condon intensity involving the A 2n 3/2 state. There have been two recent ab initio investigations of the ClO excited state potentials. Lane et al. employed large Dunning basis sets and the complete active space self-consistent field (CASSCF) method to calculate the ground and excited state potentials of ClO.11 In an independent study, Toniolo et al. used a multiconfigurational SCF plus CI method to calculate the ClO excited states.12 A focus of both studies was understanding the origin modeling of the vibrational-dependent predissociation rates of the A 2n state. 
II. Experiment
The velocity-map ion-imaging apparatus employed in the present experiments has been described in detail elsewhere. 15, 19 Briefly, a pulsed molecular beam of ClO seeded in He and collimated by a conical skimmer was intersected at 90° by two co-propagating linearly polarized laser beams. The photolysis beam (285-310 nm) was generated by a Nd-YAG (Spectra Physics GCR 150-10) pumped dye laser (Spectra Physics PDL-1) with output frequency doubling by a Spectra Physics WEX-1. The fundamental wavelength output was calibrated using a Ne-Cu hollow cathode lamp and a double-Fresnel rhomb and a polarizer were used to ensure vertical polariza tion of the beam. The oxygen atoms [O(3P210)] were stateselectively probed using 2 + 1 REMPI transitions near 226 nm (3p 3P2,1,0 ' 2p 3P2,1,0).20 These wavelengths were generated by an Nd-YAG (Spectra Physics GCR 150-10) pumped dye laser (LAS LDL 2051) whose output was fre quency doubled using a BBO crystal. An assembly of four Pellin-Broca prisms was used to ensure consistent overlap of the dissociation and probe laser beams during REMPI scans. The probe beam was delayed with respect to the photolysis beam by approximately 20 ns. Typical photolysis and probe pulse energies were 20 pi and 30 pi, respectively. We observed no evidence for multiphoton dissociation and the resulting fragment speeds are consistent with a single photon process. The oxygen ions were accelerated using velocity-mapping ion optics21-23 down a 50 cm long field-free flight tube along the same axis as the molecular beam. At the end of the flight tube the ions strike a position sensitive detector consisting of a dual microchannel plate (MCP)-phosphor screen assembly. Images were acquired using a CCD camera and collected using a frame-grabber and the IMAQS software of Suits and co-workers.23 An off-axis photomultiplier tube was used to monitor the total ion signal for 2 + 1 REMPI scans and ensure correct gating of the MCP detector. Final images for each of the probed oxygen states were collected as the probe laser was repeatedly scanned across the fragment Doppler profile. The 3-dimensional velocity distributions were then reconstructed from the 2 -dimensional projections using both the BASEX24 and pBASEX25 programs. The molecular beam of ClO was formed by the flash pyrolysis of Cl2O-He mixture. The Cl2O was synthesized in vacuo by the method of Cady26 and was kept at -78 °C to provide an approximately 5% mix in 1 atm of He. The Cl2O-He sample was introduced into the instrument through a commercially available pulsed valve (Parker Hannifin Series 9) fit with a pyrolytic nozzle assembly. The active region of the nozzle assembly consisted of a 3 cm long alumina tube wrapped in nickel-chromium alloy wire allowing the tube to be resistively heated to 800 K. The molecular beam was modestly cooled as it passed through a water-cooled endcap before expanding into the chamber. Based on images taken near the threshold for O(1D) production from ClO15 under identical conditions we estimate that the ClO radicals can be characterized by Trot < 100 K, Tvib < 200 K, and Telec < 200 K. We note, however, that an accurate character ization rotational temperature is not critical in current studies since the photodissociation laser selects a narrow range of rotational states of the O = 3/2 spin-orbit component of the bound A-state. We observed no evidence of Cl2O photo dissociation in the O(3Pi) images since O atoms cannot arise from single photon dissociation, and the fact that any O-atom contribution from Cl2O would yield a broad speed distribu tion which can be easily distinguished from the sharp ClO photodissociation features.
III. Results and discussion
A Experimental measurements coincidence with each probed oxygen fine-structure state. The two rings evident in the O(3P2) image correspond to the formation of coincident Cl(2P3/2) and Cl(2P1/2) fragments. The single ring observed in the O(3P 1) and O(3P0) images indicate that these states are only formed in coincidence with Cl(2P3/2). Forward convolution fitting (solid line) of the speed distributions permits an accurate measurement of the Cl(2P3/2)/Cl(2P1/2) branching ratio for each O(3PJ) fragment. These ratios are highly reproducible, with an estimated error of less than 3%. Once the Cl(2P3/2)/Cl(2P 1/2) branching ratio has been determined for each oxygen fine-structure state the correlated fine-structure branching ratios for each vibrational level probed are obtained by including the weighting of each oxygen state based on the integrated 2 + 1 REMPI signals.20 Table 1 shows the experimental correlated branching ratios measured in this study for v' = 0-5 and includes previous data from ref. 18 (in bold). Uncertainty in the experimental branch ing ratios is dominated by determination of the oxygen finestructure ratio. We observe that the O(3P2) signal is affected by a small amount of probe laser background which was minimized by employing low probe laser power. Based on multiple measurements, we find that the O(3P2)/O(3P1)/O(3P0) ratio for a given v' state is very reproducible and we estimate that the uncertainty for this ratio is approximately 10%. In contrast, the Cl(2P3/2)/Cl(2P1/2) branching derived from a single oxygen state are very robust with errors of less than 3%. It should be noted that we assume that experimental branching ratios for each vibrational state are independent of J ' . Howie et al. observed no evidence of J '-dependent pre dissociation indicating that the primary interaction of the dissociative states with the A 2n 3/2 state is via spin-orbit coupling.10 In addition, the J'-dependence of the correlated state branching ratios was explicitly examined by Kim et al. for the v' = 6 and v' = 10 bands. No change in correlated state branching ratios was observed as the photolysis laser was tuned from the bandhead to higher J'-states. 18 There are several immediate conclusions that can be reached from even a cursory analysis of the experimental branching data. First, by inspection the results are inconsistent with a statistical (strong coupling) limit and exhibit a clear v' = dependence. Second, the results are inconsistent with adiabatic dynamics which does not predict the number of asymptotic channels that are observed in the experiment. This is in agreement with previous photodissociation experiments above the O(1D) threshold. In these experiments dissociation originating from excitation to the continuum of the A 2n state, based on an observed parallel anisotropy parameter (i.e. a parallel transition), resulted in only a minor yield of O(3PJ) fragments suggesting little curve crossing. Finally, the Cl(2P1/2) + O(3P0) channel, despite being energetically accessible, is not observed at any wavelength.
The spatial anisotropy of the photofragments can be described using the following equation,
where P2(cos 0) is the second Legendre polynomial, 0 is the angle between the laser polarization direction and the frag ment recoil, and ß is the anisotropy parameter. In the limit of axial recoil for a diatomic molecule ß = 2 for a purely parallel transition (DO = 0) and ß = -1 for a purely perpendicular transition (DO = ±1). The present experiments involve the X 2n 3/2-A 2n 3/2 parallel transition (DO = 0) corresponding to an intrinsic anisotropy parameter of ß = 2. We observe no differences, i.e. with the mutual error bounds, between the spatial anisotropies of individual O(3PJ) images at a given photolysis wavelength. This is consistent with a common origin for the products and suggests that fragment orbital alignment is not significantly influencing the measured signals. However, we observe anisotropy parameters less than the limiting value for all ClO data collected. Since the O(3P0) fragment has no angular momentum the measured ion images for this fragment reflect only the spatial anisotropy. For the v' = 4 image shown in Fig. 1 , the O(3P0) is best fit by an anisotropy parameter of ß = 0.65 ± 0.10. A recent study provides a method to evaluate photofragment spatial aniso tropy as a function of excitation frequency, dissociative state lifetime, and the rotational structure.27,28 We find that the Table 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 measured anisotropy parameters are well reproduced using the reported spectroscopic information.
B Modeling of the correlated fine-structure distributions
In our initial study on ClO predissociation18 we employed the 3-state model of Lane et al. to calculate the fine-structure branching ratios in the adiabatic and diabatic limits. The significant differences between the experiment and the diabatic limit treatment at the correlated level were attributed to two factors: (i) incorrect coupling of the dissociative potentials to the A 2n 3/2 state which provides initial weightings of the dissociative potentials for the diabatic analysis; (ii) the neglect of exit channel couplings which can alter the distribution established in the crossing region. Although both of these factors ultimately influence the fine-structure branching ratios, only errors in the coupling in the Franck-Condon region will affect the predissociation rates. Therefore, as a first step in improved modeling of the experimental branching ratios we have re-optimized the dissociative potentials of Lane et al., altering both the locations of the crossings with the A 2n 3/2 state and the coupling constants, using the experi mental predissociation rates as the constraint.8,10 The BCONT program29,30 was used to calculate predissociation rates and an optimization code, based on an amoeba algorithm, itera tively adjusted coupling constants between each dissociative state and the A 2n 3/2 state and floated the crossing point for each dissociative state until the best fit to the experimental rates was obtained. We have used R-independent coupling constants for potentials in BCONT, including the 3 2n state despite the strong electrostatic coupling with the A 2n 3/2 state which should be R-dependent as noted previously. 11 We find that only four dissociative potentials are required to obtain an acceptable fit to the experimental rates: the 24S " , 12A, 14A, and 32n . It should be noted that the 14A and the 14S+ states both cross the A 2n 3/2 state near R = 1.95 JA and thus the relative importance of each state is difficult to assess. We chose to fit only the 14A state based on the relative 14A and the 14S+ coupling constants reported by Toniolo et al. 12 Our derived coupling constant for the 1 4A should, therefore, be considered as a sum of the coupling constants for both the 14A and 14S+ states. The inclusion of additional dissociative states beyond the four states employed did not provide significant improvement of the fit. The results of the optimization are shown in Fig. 2 and 3 . Fig. 2 illustrates that the final potentials are very close to the initial potentials of Lane et al. 11 The largest shift is found for the 1 2A state which crosses the A 2n 3/2 state near the inner wall. The predissociation rates predicted for this potential results in a broad, non-oscillatory, v0-dependence as discussed by Lane et al. We find a significant improvement to the fit of the experimental predissociation rate data (Fig. 3) 
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Vibrational quantum number Fig. 3 Experimentally determined v0-dependent predissociation rates of the A 2n 3/2 state reported in ref. 10 (v0 < 7) and ref. 8 (v0 Z 8) . The dashed line is the model from ref. 11 and the solid line is the result of the optimization described in the text. The fine-structure branching ratio for each vibrational state is obtained by multiplying the normalized weighting of each dissociative state, based on the BCONT predissociation rates for each state, by the diabatic matrix (Table 3) which reflects the partial contribution of atomic states to each molecular state.18,31,32 The fine-structure branching ratios calculated using this procedure are provided in Table 1 . We find that the branching calculated from the optimized potentials provide an overall better fit to the experimental data than the original 3-potential model of Lane et al. although the improvement is modest. Thus, significant differences remain which must be attributed to exit channel dynamics beyond the Franck-Condon region. Given the complex nature of the observables it is often more instructive to examine alternative representations, in this case summed over coincident fragment populations. The diabatic prediction of the overall v'-dependent Cl(2P 1/2)/Cl(2P3/2) distributions shown in the bottom panel of Fig. 4 is in reasonable agreement with experiment. By comparison, the adiabatic limit predicts primarily Cl( P 1/2) in contrast to observation. The overall Cl(2Py2)/Cl(2P3/2) branching is consistent with the statistical prediction despite clear evidence at the correlated level for non-statistical beha vior and demonstrating the advantage of correlated measure ments. Both exhibit fluctuations around a similar average value although the variation in the experimental data is considerably larger. Since the individual atomic contributions to each molecular state (Table 3) do not show significant variability, the diabatic prediction, which represents a linear combination of these values, is not expected to exhibit large fluctuations in the product branching ratios. The v'-dependent O(3Pj) distributions are shown in Fig. 5 . The experimental values (top panel) again exhibit greater fluctuations than the diabatic model. Interestingly both experiment and the diabatic model on average show significantly higher yields for the O(3Pi) and O(3P0) products than predicted by the statistical (strong coupling) limit. However, the increased yield of O(3P0) from v' = 3 to v' = 8, due to an increase in the Cl(2Pi/2) + O(3P0) channel over this range of v', is not well reproduced.
A better comparison between experiment and theory, both from the standpoint of experimental confidence in the values and reflecting an increased level of detail, involves considering the Cl(2Pi/2)/Cl(2P3/2) branching fractions for each O(3Pj) state which are shown in Fig. 6 . As discussed previously, these values are derived from the relative intensities of features associated with the formation of Cl(2Py2) and Cl(2P3/2) in a single image and are therefore relatively insensitive systematic errors. The absence of the Cl(2Py2) formed in coincidence with O(3P0) is consistent with the diabatic prediction. This is not surprising given the lack of contribution from this atomic channel to any of the dissociative states considered in Fig. 4 Overall Cl(2P3/2) (dark) and Cl(2Pi/2) (white) branching ratios as a function of A 2n 3/2 vibrational level. The results from experiment and the diabatic limit model, are shown in the top and bottom panels respectively. the model. The experimental data exhibit clear trends in the Cl(2P 1/2)/Cl(2P3/2) branching, however, which are not repro duced by the diabatic model. These differences, specifically the increase in the Cl(2P 1/2) between v' = 4 and v' = 10 in coincidence with O(3P1), is inconsistent with the diabatic model. We also note that several fine-structure states are observed with populations that exceed their partial contribu tions to any dissociative states. These values are written in bold italic in Table 1 . The fact that these observations cannot be achieved by any set of the potentials considered in the model, including the 1 4S + state, is clear evidence that exit channel coupling must play a role.
In an effort to assess the role of exit channel coupling we have performed coupled channel calculations, taking into account all 9 O = 3/2 molecular potentials that correlate with the Cl(2P) + O(3P) atomic limit (see, e.g. Table 3 in ref. 18) . For this purpose we employed the ab initio potentials of Toniolo et al. 12 We also included the small corrections to the ab initio potentials that were introduced to improve agreement with available experimental data.12'33 We neglect the effects of rotation and only consider the R -independent atomic spin orbit coupling. This coupling is diagonal in the atomic fine-structure basis:
where The branching ratios were computed in the Fermi golden rule (FGR) approximation. In this approximation the rate of decay of a v' vibrational level of the A 2n 3/2 electronic state into the (JCl, JO) atomic product channel, due to coupling between the A state with repulsive predissociating electronic state |n), is proportional to the partial linewidth J o = T X l<A2n 3/2(v')|ÄA,n|CJC1 OcJoflo )2; Ocí+Oo =O (10) where C j a r a is the energy normalized continuum J C la C J O a O wave function computed for photodissociation boundary conditions,36 for a total energy equal to the energy of the A2n 3/2 (v') predissociating level. This level was computed with the sinc-function discrete variable representation method,37,38 with a A-state potential computed with the Rydberg-Klein-Rees program of Le Roy,39 taking the required spectroscopic data from Howie et al. 10 The conti nuum wave function was computed with the renormalized Numerov method40 on a grid extending from R = 2.4 to 10 a0, and the integral was propagated along with the wave function with a method similar to the one described by Gadea et al. 41 For the coupling Hamiltonians H A n we take the spin-orbit and electrostatic couplings given in The couplings were only given for the crossing distances between the A state and the predissociating states, so we take them as R-independent. The branching ratios were computed by taking an incoherent sum of the partial linewidth for all predissociating states, and normalizing the result to one. The results of the coupled channels calculations are shown in Table 1 (the rows labeled ''coupled channel''). Clearly, there are substantial differences between the coupled channel and diabatic model results, which demonstrates that exit channel coupling cannot be neglected and so the diabatic limit is not reached. We note that the diabatic model predictions based on the potentials of Toniolo et al. are very similar to the diabatic model predictions using the potentials of Lane et al. even if the former couplings are adjusted to best reproduce the reported predissociation lifetimes. We can compare the coupled channel model and diabatic models by computing root-mean-square (rms) differences between the correlated branching rations for each individual vibrational levels v'. We find that although the overall the coupled channel result is marginally better, the rms difference with experiment rounded to two digits is 0.11 for both methods. However, the difference between the diabatic model and the coupled channel calculation is substantial (rms = 0.076). Coupled channel calculations where we replaced four of the ab initio potentials by the corresponding Lane et al. potentials and couplings that were optimized to reproduce the predissociation lifetimes resulted in a worse agreement with the observed correlated branching ratios (rms = 0.16).
From these results we conclude that the exit channel couplings have a large effect on the fine-structure branching ratios. This means that the correct R -dependence of the spin-orbit coupling will be required to explain the observed results. It is also likely that more accurate long range potentials are required to obtain quantitative agreement. In summary, progress towards a detailed understanding the dissociative dynamics of ClO is encouraging but differences between experiment and theory outside the estimated experimental error bounds remain and further work to resolve these outstanding issues is warranted.
